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Aimns-To evaluate the overall accuracy and reproducibility of the Alcon portable autokeratometer (PAK) measurements in infants and young children. Methods-The accuracy ofthe Alcon PAK in measuring toric reference surfaces (1, 3, 5 , and 7 D) under various suboptimal measurement conditions was assessed, and the reproducibility of PAK measurements of corneal astigmatism in newborn infnts (n=5), children (n=19, age 3-5 years), and adults (n= 14) was evaluated. Results-Measurements oftoric reference surfaces indicated (a) no significant effect of distance (17-30 mm) on accuracy of measurements, (b) no systematic relation between amount of toricity and accuracy of measurements, (c) no systematic relation between angle of measurement and accuracy, (d) no difference in accuracy of measurements when the PAK is hand held in comparison with when it is mounted, (e) no difference in accuracy of measurements when axis of toricity is oriented obliquely than when it is oriented horizontally, with respect to the PAK, and (1) a small positive bias (+0-16 D) in measurement of spherical equivalent. The PAK did not prove useful for screening newborns. However, measurements were successfully obtained from 18/19 children and 14/14 adults. There was no significant difference in median measurement deviation (deviation of a subject's five measurements from his/her mean) between children (0.21 D) and adults (0.13 D). Conclusions-The PAK produces accurate measurements of surface curvature under a variety of suboptimal conditions. Variability of PAK measurements in preschool children is small enough to suggest that it would be useful for screening for corneal astigmatism in young children. (BrJ Ophthalmol 1995; 79: 983-990) Previous research has indicated that there is high prevalence of astigmatism greater than 1 dioptre (D) in infants,l1 and that this astigmatism is due primarily to comeal, rather than lenticular, asphericity.5 Although the prevalence of astigmatism decreases greatly by the preschool years,-7 it can, in some cases, lead to meridional amblyopia (MA),8 a deficit in acuity for stimuli of certain orientations that is presumed to be neural in origin, since it is present even when the patient is tested with optical correction. 9 10 Although only a small number of individuals have been studied, there is evidence that MA can be prevented if astigmatic children receive optical correction before reaching school age. Mitchell et al, in a study of adult astigmats, found MA in all subjects who had received optical correction after 6 years of age, but not in the one individual who had received glasses at age 3. 10 Similarly, Cobb and MacDonald, in a study of 12 astigmatic adults, found that those corrected after age 7 had MA while the majority of those corrected before age 7 did not.1' One child, tested by Mohindra et al, showed MA when first placed in glasses at age 34 months, but showed no evidence of meridional acuity deficits when tested after 3 months of wearing glasses.'2 Thus, these results suggest that it may be valuable to identify and correct children for astigmatism before school age, to prevent the development of MA.
The traditional method for detecting astigmatism in preschool age children involves cycloplegic or non-cycloplegic retinoscopy. Recently, there has been an emphasis on the development of screening tools that can be used by lay individuals. One such tool is the portable autokeratometer (PAK) (Alcon Systems Inc, St Louis, MO, USA), a hand held instrument that measures corneal astigmatism. To date, there are no reports of the efficacy, validity, or reliability of the PAK for the measurement of the curvature of known toric reference surfaces or for the assessment of corneal astigmatism in children. However, Palmer and Reid examined reliability, validity, and operator bias of the PAK in a study of 12 adult patients.'3 Palmer and Reid reported a 95% confidence interval of 0A48 D for repeatability of meridional power measurements on individual patients, and validity coefficients of 0-96 for Kl and 099 for K2 in comparisons of measurements taken with the PAK versus those taken with the TMS-1 (Topographic Modeling System, Computed Anatomy, New York, NY, USA). There was no evidence of operator bias.
One aim of this study was to evaluate the overall accuracy of the PAK. In three experiments, we tested the accuracy of the PAK in measuring known toric reference surfaces under various measurement conditions. These experiments were designed to simulate and evaluate the influence of measurement conditions that might occur when obtaining measurements from young children who may be less than optimally cooperative patients. 983 In the first experiment, we attempted to establish optimum working distance and to determine the sensitivity of the PAK to variation in working distance by varying the measurement distance from the toric surface. In the second experiment, we evaluated the influence of operator alignment error on the accuracy of the PAK by comparing accuracy of measurements taken with the PAK mounted in a fixed position to measurements taken with the PAK hand held. In the third experiment, we evaluated the accuracy of the PAK in a condition that simulated a subject not fixating on the PAK display. In addition, in experiment three, we compared accuracy of the PAK in measuring toric surfaces when the axis of toricity was oriented horizontally versus obliquely with respect to the PAK. Since the PAK uses horizontal and vertical measurements to calculate toricity, it was hypothesised that the PAK may be more accurate in measuring surfaces with horizontal and vertical axes of toricity than surfaces with oblique axes of toricity.
In the final portion of this study, we examined the reproducibility and ease of use of the PAK in the measurement of corneal astigmatism in infants and young children, in comparison with adult subjects.
Methods

MATERIALS
Portable autokeratometer (PAK)
The Alcon PAK is a hand held instrument for measuring corneal astigmatism. The instrument is designed for easy use by individuals with minimal ophthalmic experience.
The PAK employs the same optical principles as a single ring keratoscope. In a ring keratoscope, a ring of known diameter is placed at a known distance from the cornea. The radius of curvature of the cornea is determined by measurement of the magnification of the image of the ring reflected from the air/tear interface of the cornea. While the PAK does not use a continuous ring, it has four light sources that fall on a circular path. In the presence of a spherical cornea, the reflected images of the four lights also fall on a circular path. In the presence of corneal astigmatism, the reflected images of the four lights fall on an elliptical path. The computer within the PAK determines the orientation and size of the major and minor axes of the ellipse and uses the relative magnification produced by the cornea along these axes to determine corneal power.
The PAK provides measurements of the following aspects of corneal topography: base curve and axis of the most horizontal meridian (K1), base curve and axis of the most vertical meridian (K2), delta K (the amount of astigmatism), and the angle of delta K. During use, the PAK takes repeated readings of corneal topography. The Cleartran is significantly more reflective than the air/tear interface, which has a reflectivity of about 2%, it is much less reflective than a steel ball bearing, the other frequently used calibration surface. It was not necessary to introduce neutral density filters into the optical system or to reduce the PAK sensitivity, in order to obtain measurements.
The reference surfaces were fabricated to have a base curvature of 43 D and toricity equal to 1, 3, 5, and 7 D. The curvatures were verified both by stylus profilometry and interferometry.15 Although the entire extent of the human cornea is not toric, we chose to use a toric reference surface for these measurements because the 'optical zone' of the cornea, overlying the natural pupil, may be modelled as a toric surface. The area of the corneal surface measured by the PAK is approximately that overlying a natural (4 mm) pupil.
MEASUREMENTS OF TORIC REFERENCE
SURFACES
Procedures
All measurements of the toric surfaces were made by one examiner GM). The toric reference surfaces were secured to a surface that contained a horizontal ruled line that served as a guide for aligning the axis of toricity. Frame mounted measurements were obtained by placing the PAK vertically in an optical bench stand. In order to obtain a printout, it was necessary to remove the instrument from the stand after every two readings. The examiner performed hand held measurements by aligning the PAK with the horizontal ruled line, thus approximating the task of repeated alignment of the same eye. In mounted measurements, the PAK and reference surface were oriented vertically (as if taking measurements from a patient sitting upright) and in hand held In order to evaluate the effects of various measurement conditions on accuracy of the PAK, three experiments were conducted. In the first experiment, the PAK was mounted on a micrometer and the distance from the 5 D toric surface to the face plate of the PAK was incrementally increased in 1 mm steps. One measurement was attempted at each distance. In the second experiment, 10 measurements of each the four toric surfaces were taken with the PAK fixed and mounted, and 10 measurements of each surface were taken with the PAK hand held. In the third experiment, the effect of a subject not looking precisely at the fixation target was simulated by rotating the 5 D reference surface by 0, 5, 10, 15, and 20 degrees away from the PAK (see Fig 1) . Measurements of the 5 D reference surface were taken at the optimum working distance (determined in experiment 1). Two measurements were taken at each angle of eccentricity with the axis of toricity oriented horizontally with respect to the PAK (Fig 1B) , and two measurements were taken at each angle of eccentricity with the axis of toricity oriented obliquely at 45 degrees with respect to the PAK (Fig 1 C) Analysis of the variation of astigmatic power is best accomplished with the vectoral method described by Harris.'6 Using this method, each observation of sphere, cylinder, and axis is converted into a single point in dioptric three dimensional space. The advantage of this method is that the deviation for each measurement can be derived in units of dioptres that are related simultaneously to the sphere, cylinder, and axis of the measurements.
Repeated observations result in a cluster of points occurring in this three dimensional space. For measurements of reference surfaces, dioptric distances of the observed points in the cluster from the point representing the actual dioptric power were used to determine measurement accuracy. Spearman correlation, Kruskal-Wallis ANOVA on ranks, and the Mann-Whitney rank sum test were used to evaluate differences in deviation between PAK measurements and actual dioptric power for the various measurement conditions in experiments 1, 2, and 3.
The method of Harris conceals any positive or negative measurement bias. Therefore, the difference in spherical equivalent between PAK measurements of the toric surfaces and the known spherical equivalent of the toric surfaces was also summarised. This preserved the sign of the difference. in order to evaluate Harris.16 tDifference between PAK measured spherical equivalent and known surface spherical equivalent were calculated and then averaged.
reference surface value as the distance from the toric surface to the face plate was varied from 17 to 30 mm. Distance and deviation from actual reference surface toricity were not significantly correlated (r,=-0 47, n=14).
The median of these distances (23 mm) was used as the 'optimum' working distance for frame mounted PAK measurements obtained in experiments 2 and 3. Table 1 also summarises the amount of measurement bias -that is, difference in spherical equivalent between measured and actual surface value. These data indicate a small but consistent positive bias, or an overestimation of spherical equivalent. Experiment 2: mounted v hand held measurements Table 2 Figure 2 (filled circles). Also shown in Figure 2 is Figure 2 , the deviation scores of each of the preschool subjects are plotted by age.
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There was no significant correlation between age and median deviation scores (r,=-003, e ofsubject. Filled circles n= 18) and there was no significant correlation teasurement ofa subject's between order in which subjects were tested surements for that subject. and median deviation values for either the child or adult groups (rs=-0 29, n=18 and r.=+022, n=14 for child and adult groups, Mann-Whitney rank respectively).
nificant difference in Figure 3 plots the difference between each between measure-subject's five measurements of spherical equivd obliquely oriented alent and that subject's median measurement of spherical equivalent. For children, 85% of arises the average measurements were within 0-3 D from their ch condition. These median, and for adults, 98% of measurements ie bias data obtained were within 0-3 D from their median (median that is, the PAK con-measurements not included in calculation of 1l amount of over-percentages). These data indicate that, uivalent.
although there are more outliers in the child data, both child and adult measurements cluster close to the median measurement. The examiner was successful in obtaining five readings from one eye of 18 children. One child refused to allow the examiner to attempt any measurements. Some children initially had difficulty maintaining fixation. However, with coaching from the examiner and/or parent, ability to achieve fixation improved, and measurements were obtained.
Discussion
The PAK is a hand held instrument designed to provide a rapid estimate of corneal astigmatism. Although there have been no published reports in which the PAK was used with young children, the portability and ease of use of the PAK suggest that it might be a useful tool for screening young children for astigmatism. The results of the present study provide data concerning the accuracy of the PAK under a variety of suboptimal conditions likely to occur during screening, as well as data on the usefulness and reliability of the instrument with newborn infants and preschool children.
In the first part of the study, the PAK was used to measure the curvature of 1, 3, 5, and 7 D toric reference surfaces. The results of experiment 1 demonstrated little variation in accuracy across the range of distances (from 17 to 30 mm) at which the PAK provides a reading (Table 1 ). This is an advantage when screening young children, who may have In summary, measurement of toric reference surfaces suggest that the PAK is an accurate and versatile instrument that could be effective in measuring corneal astigmatism in less than optimally cooperative populations.
The goal of the second part of the present study was to study the feasibility and reliability of using the PAK with newborn infants and preschool age children. The results indicated that the PAK was not effective in measuring corneal astigmatism in newborns. Measurements were obtained in only one of the five newborns tested, and in the one newborn on whom measurements were obtained, there was a difference of nearly 3 D between the two measurements obtained on the right eye and a difference of nearly 1 D between the two measurements obtained on the left eye. The primary difficulties in obtaining measurements from newborns were (a) keeping the infant's eye open and (b) attracting fixation in one direction long enough for the PAK to obtain the five consecutive, consistent readings that are required for the instrument to provide a measurement of astigmatism. Modification of the PAK through the addition of a recording system that would permit selective averaging of readings taken only on frames in which the eye was directed at the instrument might overcome the current limitations of the instrument for screening of newborn infants.
In contrast with our unsuccessful results with newborn infants, we were able to achieve our goal of recording five measurements from one eye of all but one of the 19 preschool subjects. For these 18 subjects, the median dioptric deviation between the five measurements and the subject's average measurement of corneal astigmatism ranged from 0-08 to 2-06 D (median of the 18 medians=021 D). The range for adults' median deviations was 0*09 to 035 D (median of the 14 medians=0 13 D). Within the group of preschool children, there was no evidence the measurements were less variable for older children and no evidence that variability of measurements decreased as the operator gained more experience in working with children in this age group.
Examination of Figure 3 indicates that both child and adult measurements tend to cluster close to the median measurement. This figure also suggests that outliers can be clearly identified and eliminated if repeated measurements are obtained when screening for corneal astigmatism in young children.
A review of the literature indicated that three techniques other than the PAK have been used as an alternative to traditional keratometry for assessment of corneal astigmatism in children. 
